Meteor smoke particles (MSP), which are thought to be the nucleation germs for mesospheric ice, are currently discussed to consist of highly absorbing materials such as magnesiowüstite, hematite or magnesium-iron-silicates and may therefore be warmer than the ambient atmosphere. In order to quantify the temperature difference between MSP and the atmosphere we developed a model to calculate the MSP equilibrium temperature in radiational and collisional balance. The temperature difference between MSP and the surrounding atmosphere strongly depends on the composition of the MSP, especially on the relative iron content, where a higher iron content leads to warmer MSP. We then derive an expression of the nucleation rate of mesospheric ice particles which explicitly accounts for this temperature difference. We find that the nucleation rate is strongly reduced by several orders of magnitude if the germ temperature is increased by only a few Kelvin. Implementing this nucleation rate depending on the germ temperature into CARMA, the Community Aerosol and Radiation Model for Atmospheres, we find that fewer but larger ice particles are formed compared to a reference scenario with no temperature difference between MSP and ambient atmosphere. This may indicate that iron-rich MSP are not ideal ice nuclei and that either other MSP-types or other nucleation pathways (e.g. wave induced heterogeneous nucleation or even homogeneous nucleation) are responsible for ice formation at the mesopause.
Introduction
The summer polar mesopause region is known for the coldest temperatures on Earth ( $ 130 K Lübken and et al., 1990) , low density and also as a part of the D-and lower E-region of the ionosphere. In combination with meteor smoke particles formed by re-condensing material of ablating meteoroids (Hunten et al., 1980) and neutral air dynamics some fascinating and scientifically interesting phenomena occur. These are, for example strong radar echoes, the so-called polar mesosphere summer echoes (PMSE) (Czechowsky et al., 1979; Ecklund and Balsley, 1981; Hoppe et al., 1988; Roẗtger et al., 1988) and the visible noctilucent clouds (NLC e.g., Jesse, 1896; Thomas, 1991) . Both phenomena are closely related to the existence of ice particles in the mesosphere (e.g., Hervig et al., 2001 Hervig et al., , 2011 Rapp and Lübken, 2004) . Even more than a century after their discovery the nucleation of these ice particles is still an ongoing topic in the current middle atmosphere research. It has been assumed by most earlier investigations that mesospheric ice particles form on the meteor smoke particles (MSP) by heterogeneous nucleation, although other nucleation mechanisms such as homogeneous nucleation (Murray and Jensen, 2010) or ion induced nucleation might also be possible (Witt, 1969; Gumbel, 2003) . While the composition of MSP has still not been experimentally determined there are indications from lab experiments and satellite extinction measurements that meteor smoke particles are believed to consist of olivine ðMg 1:9 Fe 0:1 SiO 4 Þ, hematite ðFe 2 O 3 Þ, different magnesium-ironsilicates ðMg x Fe 1 À x SiO 3 Þ (Saunders et al., 2010) or wüstite (FeO) and magnesiowüstite ðMg x Fe 1 À x OÞ (Hervig et al., 2012) . It is an obvious question how these different compositions influence the nucleation of mesospheric ice and which materials are more appropriate as nucleation germs or which can be excluded. Besides different surface properties the potential MSP materials differ in their radiative absorption coefficients, which leads to a material dependent MSP temperature. The current study seeks to quantify the abovementioned temperature difference between MSP and the ambient atmosphere and corresponding consequences for ice particle nucleation rates and polar mesospheric cloud (PMC) Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/jastp properties. In Section 2 we describe the model to determine the MSP equilibrium temperature as well as the equilibrium temperature of ice-smoke mixtures (i.e., "dirty ice"). In Section 3, we derive an expression for an MSP-temperature dependent nucleation rate which is followed by Section 4 in which results from such calculations are presented. Section 5 then finally demonstrates the effect of such modified nucleation rates on PMC-evolution using a full microphysical PMC-model. These results are discussed in Section 6 and our main conclusions are summarized in Section 7.
Equilibrium temperatures of MSP and dirty ice

Case 1: pure MSP
For the calculation of the equilibrium temperature of a spherical particle we assume that there are two power sources and two power sinks like former calculations from Fiocco et al. (1975) , Eidhammer and Havnes (2001) and Espy and Jutt (2002) . The balance between sources and sinks determines the equilibrium state of the particle. On one hand the radiation P sol in the visible and ultra violet range of the sun and the terrestrial radiation P ter in the infrared range are the power sources. On the other hand infrared radiation of the particle P rad and collisions with air molecules P col are the sinks of power. Further heating due to latent heat transfer of condensing water vapor will be neglected in this model. For steady state conditions all contributions to the power budget can be expressed by the following balance equation:
The first term P sol of the balance equation (1) is defined as follows:
where r is the particle radius and ϵ ¼ ðR =R 0 Þ 2 with the sun radius R and the sun-earth distance R 0 is the solar dilution factor which accounts for the small solid angle occupied by the sun. The factor 1 þ 2A cos χ accounts for the direct radiation of the sun and the reflected radiation by the earth surface with albedo A at solar zenith angle χ. Q abs is the absorption efficiency, T the sun surface temperature and F λ ðT Þ is the Planck formula for black body radiation
where c is the speed of light, h the Planck constant, λ the wavelength, k B the Boltzmann constant and T the surface temperature of the radiating body. The absorption efficiency Q abs weights the radiation function and depends on the radius and optical properties of the particle. Q abs is calculated from the extinction and scattering efficiencies Q ext and Q abs
determined by the Mie scattering code bhmie of Bohren and Huffman (1983) . Meinen et al. (2012) showed for the example of hematite (Fe 2 O 3 ) that the bulk optical properties are still applicable down to particle diameters of $ 2-3 nm. They found a good agreement between the experimentally determined extinction cross sections and those calculated by Mie theory. The second term P ter in the balance equation describes the particle heating by upwelling infrared radiation and is defined as
The earth surface temperature T E is assumed to be the temperature of the warm stratopause.
The particle itself radiates with its surface temperature T P in the infrared. This power loss P rad can be described as
where we assume that the aerosols radiate homogeneously in all directions. The collision between the particle and the air molecules can be an additional power loss term if the air is colder than the particle. Otherwise the particle will be warmed by the collisions with the ambient gas molecules. In free molecular flow energy is transferred by collisions from a unit area with a rate ΔΦ ðEÞ . The expression of ΔΦ ðEÞ was taken from Gombosi (1994) and was also used in the calculations of Espy and Jutt (2002) . We neglect the particle fall velocity and the horizontal winds since we assume that the MSP are moving with the background wind. With this assumption the original equation of Gombosi (1994) reduces to
The collisional energy transfer rate depends linearly on the thermal accommodation coefficient α which describes how efficient thermal energy is transferred between two bodies. T P À T A is the temperature difference between the particle and the surrounding atmosphere. n gas is the surrounding gas number density with its mean thermal velocity ν. γ is the heat capacity ratio. The collision power P col is obtained by integrating ΔΦ ðEÞ over the aerosol surface. The particles are assumed to be spheres hence integration over the surface yields 4πr 2 :
The particle temperature can now be derived from thermal equilibrium conditions described in Eq. (1). The power contributions of P rad and P col both depend on the particle temperature T P , whereas P sol and P ter do not depend on T P . However, P rad is a nontrivial function of T P so that a closed expression for T P cannot be found. We therefore apply an iterative scheme, where the particle temperature of the previous step i À 1 is used in the term of P rad ðT i À 1 P Þ to calculate T P i in the following manner:
In the initial step the particle temperature is equal to the ambient atmospheric temperature ðT
The iteration is terminated when T P reaches an asymptotic value, i.e. jT
The absorption efficiency Q abs scales with r in the Rayleigh limit r 5 λ which is fulfilled for MSP in the relevant wavelength range.
All radiative power terms therefore scale with r 3 , whereas the collisional loss term scales with r 2 . Thus, larger particles will be dominated by the radiative terms and the comparably inefficient collisional loss will result in large particles being warmer than smaller ones. Instead of assuming steady state conditions to derive the equilibrium temperature, the explicit time dependence of T P can be solved for a given heat capacity of the particles (e.g. Chase et al., 1998 for hematite). We find that the time for a 2 nm hematite particle to reach equilibrium temperature is less than 0.1 s for conditions at 87 km.
Case 2: dirty ice -Maxwell-Garnett equation for effective dielectric permittivity
Mesospheric ice particles are believed to not only consist of ice but to include other materials e.g. the meteor smoke particles which were found by Hervig et al. (2012) with a smoke volume fraction of up to 3%. The influence of meteor smoke contaminations on the ice particle equilibrium temperature has already been studied by Eidhammer and Havnes (2001) , who adapted the refractive index in the infrared regime accordingly. We use the effective medium approximation (Garnett, 1904) for calculating the optical properties of ice mixed with a specific volume fraction η 1 of meteoric smoke. This can be done with the Maxwell-Garnett equation (Bohren and Huffman, 1983; Choy, 1999) under the assumption that all inclusions are spherical. This yields
where
where ϵ 0 is the dielectric permittivity of the material which is in the inclusion and ϵ 1 is the dielectric permittivity of the surrounding material. The effective or average permittivity can now be used to describe the optical properties of dirty ice by converting ϵ eff into the refractive index and inserting the effective index into the calculation of the absorption efficiency. The subsequent equilibrium particle temperatures for ice-smoke mixtures are calculated as described in Section 2.1.
Heterogeneous nucleation rate
The temperature of a condensation nucleus critically influences the nucleation rate, which describes the number density of germs generated per time. We therefore next derive an expression for a MSP temperature dependent nucleation rate.
Water vapor fluxes
The flux of water vapor molecules to a surface can be expressed as Pruppacher and Klett (1997, p. 163) 
where p H 2 O is the water vapor partial pressure, m w the mass of one water molecule and T A is the surrounding gas and the vapor temperature. These impinging water molecules will stick with a probability of α d , the so-called mass deposition coefficient, to the surface. For ice surfaces at mesospheric temperatures, which we consider in the following, α d is assumed to be 1 (Brown et al., 1996) . The flux of molecules leaving the ice phase cannot be computed a priori, so we follow the usual assumption that the detachment of water molecules depends on the properties of the ice phase alone. Under equilibrium conditions, when the water vapor pressure is equal to the saturation vapor pressure over ice p sat , the two fluxes must be equal. This yields (Pruppacher and Klett, 1997, p. 165 )
where T P is the temperature of the ice phase. Motivated by the calculations presented in Section 2 we do not follow the usual assumption that T P ¼T A . Instead, we clearly distinguish all terms in the deduction of the nucleation rate which are given by the particle temperature from those influenced by the temperature of the surrounding atmosphere.
Critical radius and nucleation barrier
It is well known that the curvature of an ice particle affects the saturation vapor pressure above its surface (Kelvin effect). For small particles the saturation vapor pressure is increased as compared to a flat surface, i.e., p sat ðT; rÞ ¼ p sat ðTÞ expð2m w s=k b Tρ ice rÞ with surface tension s, ice density ρ ice and radius r of a spherical ice particle. The outflux given by Eq. (12) thus becomes radius dependent. There exists a critical radius r crit where both fluxes are equal
For radii smaller than r crit , the outflux is larger than the influx leading to an evaporation of the ice germ. However, if the ice germ overcomes the critical radius, the ice particle will continue to grow since w ↓ 4 w ↑ ðr 4 r crit Þ. The energy barrier separating those two regimes is given by (see Eq. (A.7) in the appendix)
Note that the critical radius is shifted to larger radii if the particle is warmer than the surrounding atmosphere. This modification of r crit is already implicitly found in the work of Pound et al. (1954) and has also been deduced by Lazzati (2008) , who studied nucleation under non-local thermodynamic equilibrium conditions.
Nucleation rate
Nucleation occurs when an ice cluster exceeds its critical radius and starts growing in a supersaturated environment. On a molecular level, this will be the case when a cluster of critical size r crit is joined by an additional water molecule. Two joining mechanisms are possible: the first mechanism is the direct deposition of water molecules from the gas phase. If the critical cluster forms on a substrate such as MSP, water molecules adsorbed onto the substrated can join the cluster by surface diffusion, which is the second mechanism. Following Keesee (1989) , we consider surface diffusion as the dominant process. The adsorbed water molecules are heated due to the warmer substrate and we assume that they reach the particle temperature within a few diffusion steps.
The nucleation rate per unit surface area can be expressed as the number density of clusters of critical size c n crit times the rate μ an adsorbed molecule joins the cluster. The number density of clusters of critical size as given in Eq. (A.6) holds for homogeneous nucleation, where a complete sphere is formed. For heterogeneous nucleation, only an ice cap instead of the complete sphere needs to be formed on the substrate, which is in our study the meteor smoke particle. The volume and surface of the ice cap, which determines the required energy for the formation of the ice cap, depends on the contact angle θ and also on the radius ratio x ¼ r N =r crit with the nucleus radius r N . The Gibbs free energy for the formation of an ice cap is therefore reduced by a geometrical factor f (Fletcher, 1958 (Fletcher, , 1959 :
and m ¼ cos θ. The number density of critical cluster is then given by Eq. (A.6) with the modified critical Gibbs free energy
where c 1 is the number density of adsorbed monomers. The joining frequency per molecule is given by ν expðÀΔG sd =ðk b T P ÞÞ with the typical vibration frequency of an adsorbed molecule ν and the surface diffusion activation energy ΔG sd . All monomers in the position to join the cluster are assumed to be located in an annulus of area 2πr crit δ sin θ around the cluster with the mean diffusion length δ. Hence, the joining rate μ can be expressed as
This leads to a nucleation rate J 0 ¼ Zμc n crit (Sigsbee, 1969, Eq. 69) per unit surface area of
where the Zeldovich factor for heterogeneous nucleation is defined as Z ¼ ðf ΔG crit =ð3n 2 crit πk b T P ÞÞ 1=2 and the number of molecules in an ice cap of critical size n crit ¼ 4πr 3 crit ρ ice f =ð3m w Þ (Sigsbee, 1969, Eqs. 35 and 72) . The Zeldovich factor takes deviations of the cluster size distribution from its equilibrium distribution into account.
The surface concentration of monomers c 1 is estimated from the desorption flux w ↑ ¼ c 1 ν expðÀΔG des =ðk b T P ÞÞ (Pruppacher and Klett, 1997, p. 299 ) with the energy of desorption ΔG des . This desorption flux needs to be balanced by the influx given in Eq. (11), leading to
Accordingly, the nucleation rate per particle J=N N ¼ 4πr
This nucleation rate with the two different temperature T A and T P accords with those deduced for molecular beam experiments, where the gas emanates from a source with higher temperature than the substrate (e.g., Pound et al., 1954) .
4.
Results: equilibrium temperatures of MSP and dirty ice particles and corresponding nucleation rates
Model comparison
To check our particle temperature model, we initially compare our results to calculations of Espy and Jutt (2002) (EJ hereafter) for ice particles with three different radii using the MAC-SINE (Middle Atmosphere Co-operation-Summer in Northern Europe) atmosphere (see Fig. 2 in EJ and explanation therein) as a typical polar summer atmosphere. This MAC-SINE background atmosphere is the same as the one used by EJ. However, in comparison to their model, we have made a couple of simplifications. EJ performed complete radiative transfer calculations to determine the radiance at the particle altitude. We simplified this step by assuming black body radiation. We also assume in contrast to EJ that all winds and particle fall velocities are negligible compared to the thermal velocity which simplifies the equation in the collision term. All parameters used for the recalculation are shown in comparison to EJ in Table 1 . The left panel in Fig. 1 shows the resulting temperature profiles of this calculation in comparison with the results of EJ. The temperature difference increases for all particle sizes with increasing altitude, which is the result of less efficient cooling due to the decreasing density. This increase of temperature difference also depends on the size of the particles. All radiation terms scale with r 3 whereas the collision term scales with r 2 only. This means that the source terms become more effective with increasing r.
The temperature values calculated are always smaller in comparison to EJs results. The difference increases with increasing radius and altitude. This fact becomes much more visible in the right panel of Fig. 1 where the differences between the model results are plotted. Overall, the differences are small, i.e. below 3% thus justifying the simplifications made in our approach.
Equilibrium temperature of meteor smoke and dirty ice particles
Since meteor smoke particles are assumed to be one of the major nucleation germs for mesospheric ice particles we attempt Left panel: equilibrium temperature profiles for three different ice particle radii (50, 100 and 300 nm). The black curve shows the MAC-SINE background temperature, the green, blue and yellow symbols are the equilibrium temperatures for ice particles with a 50, 100 and 300 nm radius, respectively. The red triangles display the temperature values of Espy and Jutt (2002) for the same radii. Right panel: temperature differences between Espy and Jutt (2002) for ice and our calculations for each particle radius as a function of altitude. The green asterisks indicate the discrepancies for 50 nm radius, the blue crosses for 100 nm radius and the yellow circles for 300 nm radius. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
to quantify the nucleation conditions for these particles in the mesosphere. Therefore we used the model described in Section 2 and applied refractive indices of several materials assuming that the optical properties are not altered due to the condensation of meteor dust to meteor smoke. Table 2 shows the used materials, the wavelength range of the refractive index data and the reference where the data was taken from. These dust materials have relatively high values for the imaginary part of the refraction index which describes the ability of the material to absorb light at a specific wavelength. Hence we expect much higher equilibrium temperatures. Mesospheric ice particles are known to exist in the summer high latitude mesopause region between roughly 80 and 90 km. Typical critical radii in this regime of atmosphere are in the range of about 1 nm (Rapp and Thomas, 2006) . Hence we calculate the equilibrium temperature for MSP in an altitude range of 80-90 km and a radius range of 0.1-3 nm. Fig. 2 shows the model results for a magnesiowüstite ðMg 0:1 Fe 0:9 OÞ particle. Plotted are the temperature differences between the particle equilibrium temperature and the MAC-SINE background temperature as a function of particle radius and altitude. Since the temperature differences are positive the magnesiowüstite particles are warmer than the background temperature. This effect increases with increasing particle radius as a result of more effective radiative heating compared to the loss by collisions. The temperature difference also increases with increasing altitude due to the decreasing air density and the corresponding cooling by collisions with air molecules. Even at small particle radii this leads to relatively large temperature differences of several Kelvin between the particle and the surrounding atmosphere. Fig. 3 shows the temperature difference between MSP of different materials and the background for a particle radius of 1.1 nm, a typical critical radius for the summer mesopause region. The largest temperature difference is found for a meteor smoke material of iron oxide. This is also the material with the highest iron content. Apparently there is a strong dependence on iron content. This becomes much clearer in Fig. 4 , which shows the equilibrium temperature of a 2 nm particle at 87 km consisting of magnesium, iron and silicate. To investigate the impact of different relative iron contents we used several magnesium-iron-silicates with different relative iron content X and analyzed on the equilibrium temperature change. We used optical data sets of Mg 1 À X Fe X SiO 3 from Jaeger et al. (1994) and Dorschner et al. (1995) . We find a clear positive correlation of the relative iron content X and the particle temperature T P . Since nucleation is highly temperature dependent we suggest that this should have an impact on the possible materials for nuclei of mesospheric ice.
As stated above mesospheric ice particles are assumed to be formed on meteor smoke. Recent observations indicate that these ice particles are not made of pure ice but are "dirty" in the sense that they include MSP (Hervig et al., 2012) . It is therefore important to know what optical properties this mixed medium has and how this influences the temperature of those dirty ice particles. We applied the Maxwell-Garnett theory described in Section 2.2 to obtain an effective refractive index for the mixed media. With this effective refraction index we derived the equilibrium temperature as described in Section 2. We chose 0.01%, 0.3% and 3% volume fraction of meteor smoke in the ice particles which is the minimum, mean and maximum value from the analysis of Hervig et al. (2012) . The model results show that with increasing volume fraction of meteoric smoke in the dirty ice particles the temperature difference between those particles and pure ice particles increases as shown in Fig. 5 . There is no linear relationship between the change in temperature difference and the change in meteoric smoke volume fraction in the ice. The relative change of the temperature difference increases with increasing volume fraction. Looking at the mean value of the volume fraction, i.e. 0.3%, it turns out that there is a significant difference between pure and dirty ice equilibrium temperature ( contaminated by high iron content material are likely to exist in a wide range of altitude and size (Fig. 6 middle panel) for typical mesosphere water mixing ratios. This mainly concerns the forming region of mesospheric ice particle which is between 90 and 85 km depending on the mesopause altitude (Rapp and Lübken, 2004) . Also indicated in Fig. 6 are altitudes and radii of NLC particles measured by LIDAR (Baumgarten et al., 2008) . We note that in a statistical sense these particles were mostly located at the boundary of the existence regime of dirty ice for 10 ppmv water mixing ratio.
Heterogeneous nucleation rate
For the interpretation of the temperature differences we next calculate nucleation rates for different surface temperatures of the nuclei at polar summer mesospheric conditions. Following Rapp and Thomas (2006) Fig. 7 shows the nucleation rates per nucleus J=N N for different surface temperatures T P in the lower panel. The upper panel shows the nucleation rate ratios between JðT P Þ and JðT A Þ. As expected the rates become smaller if the surface temperature increases due to the higher desorption flux. This means that more molecules will leave the germ and the net flux onto the nucleus will decrease. This effect has a large impact notably at small radii. A temperature difference of 3 K for particle with radius of 3 nm causes a decrease of the nucleation rate by a factor of 10 5 . This dramatic drop of the nucleation rate implies that meteor smoke particles consisting of material with high equilibrium temperatures become ineffective nuclei for mesospheric ice particles.
Effect on NLC evolution
Finally, we use a one-dimensional version of CARMA, the Community Aerosol and Radiation Model for Atmospheres, to demonstrate the impact of an increased MSP temperature on the evolution of NLC. CARMA is a microphysical model which has been used to study a wide range of aerosols and clouds in the Earth's atmosphere as well as on other planets. The original one-dimensional model was developed by Turco et al. (1979) and Toon et al. (1979) for modeling polar stratospheric clouds. It was extended to three dimensions (Toon et al., 1988) and adopted to mesospheric clouds by Turco et al. (1982) and Jensen and Thomas (1989) .
Our setup is identical to the one used by Rapp and Thomas (2006) , except for the implementation of the new nucleation rate given in Eq. (21) and the correction of a sign error in the parameterization of the surface tension. We assume a temperature difference between MSP and ambient atmosphere which varies with altitude but does not depend on the radius of the MSP. The altitude profile is calculated for a 2.5 nm magnesium-iron-silicate ðMg 0:5 Fe 0:5 SiO 3 Þ particle and scaled in a way, so that the temperature difference ΔT at 87 km is 1 K, 3 K, 5 K and 7 K. Fig. 8 shows the obtained ice particle number densities for the different ΔT and also the reference case of ΔT ¼ 0 K. In Fig. 9 we show the corresponding effective radii of the obtained ice particles for the reference case and for ΔT ¼ 7 K.
The impact of MSP being warmer than the background atmosphere has a striking effect on the ice particle number densities. While in the reference case densities of more than 100 cm À 3 develop, a temperature increase of 5 K reduces the maximum ice particle density by a factor of 100 and at ΔT ¼ 7 K even less than 0.1 particles per cm 3 occur. There are basically three factors contributing to the reduced ice particle number densities. First of all, the characteristic time of nucleation is reduced by several orders of magnitude (compare to upper panel of Fig. 7 ) such that less particles are formed per time. Secondly, for warmer smoke particles the saturation vapor pressure increases, so that the vertical extent of the supersaturated region, the region where newly formed ice particles are able to persist, is diminished. Finally, the minimum size of MSP acting efficiently as ice nuclei is shifted to larger radii for warmer MSP. In the reference scenario the large number of ice germs formed in the first few time steps compete for the available water vapor, which leads to a rapid decrease of the supersaturation and limits further ice particle growth. If less ice germs are formed due to warmer MSP, they are not able to effectively deplete the available water vapor. Consequently, the ice particles grow rapidly to sizes much larger than in the reference case, as shown in Fig. 9 . Note that the absolute number of ice particles is expected to decrease even further when a MSP profile for mesospheric summer conditions with reduced MSP densities (Megner et al., 2008; Bardeen et al., 2008) is used.
Assuming a constant ΔT for MSP of all radii definitely contradicts the results discussed in Fig. 2 , but we note that there is a justification for this first and simplified implementation: the nucleation rate per particle has a steep increase for radii larger than r crit , whereas the MSP distribution falls off exponentially. Thus the nucleation rate will peak at a certain radius, where J ¼ J=N Smoke Á N Smoke has a maximum. For the conditions chosen in Fig. 7 and the MSP profile implemented in CARMA (see Rapp and Thomas, 2006) , the highest nucleation rate occurs at a radius of about 2 nm with peak width (FWHM) of less than 1 nm. Note that the radius of the maximum nucleation rate is shifted to larger radii for warmer MSP. With these arguments in mind, varying ΔT can be interpreted as a temperature variation due to changing the iron content of MSP. As shown in Fig. 4 , a larger relative iron content leads to warmer MSP and therefore greatly reduced ice particle number densities. These CARMA simulations aimed at demonstrating the principal effect of a reduced nucleation rate. To exclude additional effects based on varying background conditions, we utilize a steady temperature profile. Of course, this highly differs from mesospheric conditions, where gravity wave induced temperature fluctuations determine the microphysical processes, e.g. the onset of nucleation in the cold phase of waves. We note that these 1d simulations also show artificial oscillations of the NLC brightness which are caused by cycles of freeze drying the mesospheric air and subsequent re-moistening by eddy diffusion and advective transport of water vapor (e.g., Sugiyama, 1996) . In future, the full iterative scheme from Eq. (9) will be implemented in CARMA and different meteor smoke compositions will be analyzed in their efficiency to act as nucleation germs.
Discussion
The presented results are based on simple assumptions and most of all are basic relations such as black body radiation. We find that meteor smoke particles are warmer by several Kelvin than the surrounding atmosphere, depending on their composition, size and altitude. This increased temperature of MSP reduces the nucleation rates by several orders of magnitude. The nucleation rate itself is subject to a high degree of uncertainty, as variables such as the surface tension or contact angles are poorly known for mesospheric conditions. Additionally it is unclear, whether all bulk material properties can be applied to a system consisting of only a few molecules. However, until experimental results for mesospheric nucleation rates are available, the presented rates are the best estimates based on the current classical nucleation theory for mesospheric conditions (e.g., Keesee, 1989) . It is important to note that, depending on the background conditions, a MSP temperature increase of a few Kelvin might not be so critical, as gravity wave can induce temperature variations in the range of 10 K (e.g., Rapp, 2002) which might compensate this effect. For conditions close to the edge of nucleation with only low supersaturation, we expect the temperature increase of MSP to have a much greater impact than under extreme conditions such as those measured for example at Spitsbergen (Lübken et al., 2009 ).
For mixed materials, i.e. dirty ice we showed that these particles are likely able to exist in the summer mesopause region. But nevertheless, despite the fact that the dirty ice particle equilibrium temperature is below the frost point temperature for wide ranges of altitude and radius, the nucleation rate calculations for a water mixing ratio of 2 ppmv showed that the nucleation on the iron rich MSP is very inefficient. There have to be further investigations on the forming and especially growing of mesospheric ice with respect to temperature differences between the atmosphere and the nuclei. Lazzati (2008) pointed out that at nonlocal thermodynamic equilibrium the condition S ¼1 does not mark the threshold of nucleation.
We note that our results are in apparent contrast to the results of Petelina and Zasetsky (2009) who derived ice particle temperatures from Atmospheric Chemistry Experiment (ACE) satellite measurements and found the ice particles to be colder than the ambient atmosphere. However, Hervig and Gordley (2010) state that these ambient air temperatures from ACE may possibly be influenced by warm patches of air along the line of sight which might result in a warm bias compared to the localized ice particle temperature measurements. In any case, if those satellite measurements were indeed correct, our results would provide strong support to the conclusion that the observed ice particles do not contain meteor smoke of the considered compositions.
Conclusions
We calculated equilibrium temperatures for mesospheric ice and meteor smoke particles and investigated its impact on the nucleation of mesospheric ice particles. Therefore we introduced a nuclei temperature dependent heterogeneous nucleation rate. The results of the equilibrium temperature calculations show that under the made assumptions for particle composition MSP are warmer than the environmental atmosphere. The temperature difference is mainly driven by the ability of the material to absorb radiation mainly in the visible range. It turns out that particles with a high relative iron content are much better absorbers and therefore are much warmer than particles with less relative iron content. The nucleation rate calculations showed that even small temperature differences of a few Kelvin between particle and atmosphere temperature lead to a rapid decrease of the nucleation rate at small particle radii. In combination with the equilibrium temperature results we suggest that high iron content materials have to be much more ineffective nuclei and therefore must be less important for mesospheric ice nucleation. The materials to which this applies are, e.g., iron oxide, magnesiowüstite with high relative iron content, hematite and silicates with high relative iron content. In the future, we will further investigate whether the here discussed effects may be partly compensated by temperature fluctuating due to gravity waves and how competing nucleation mechanisms like homogeneous nucleation may change the whole picture.
